We performed high-pressure resistivity measurements for an Ising-type itinerant ferromagnet URhAl at low temperatures down to 40 mK. In URhAl, the Curie temperature (TC) is sufficiently suppressed with increasing pressure and TC suddenly disappears at the critical pressure Pc ~ 5.2 GPa. Above Pc, we observed the large enhancement of the A coefficient of AT 2 resistivity term, which is defined below T*(P). Near Pc, the exponent (n) of resistivity, (T) = 0 + A'T n , approaches n ~ 5/3, which is suggested from the spin-fluctuation theory for a three dimensional itinerant ferromagnetic system. We observed the non-Fermi-liquid behavior of resistivity under high pressure far above Pc up to ~ 7.5 GPa. On the other hand, the critical behaviors of T*(P) and A(P) for URhAl do not obey the spin-fluctuation theory for a ferromagnetic quantum critical point, where the Curie temperature vanishes as a second-order phase transition. The sudden disappearance of TC support the change of nature of transition from secondorder to first-order in URhAl near Pc. Furthermore, the pressure dependences of A(P) and 0(P) are asymmetric around Pc, and these behaviors might be explained by a remarkable Fermi-surface change, which accompanies the ferromagnetic-paramagnetic quantum phase transition in URhAl.
Introduction
Quantum phase transition of itinerant ferromagnetic (FM) and antiferromagnetic (AF) compounds have recently been a hot subject to investigate anomalous physical properties in strongly correlated electron systems, such as non-Fermi-liquid behaviors and unconventional superconductivity [1] . It was widely believed that both FM and AF itinerant systems have the quantum critical point (QCP), where the magnetic transition temperature disappears and a second-order quantum phase transition is defined at absolute zero temperature [2] [3] [4] [5] . However, it has recently been shown theoretically that itinerant FM systems generally do not possess the second-order QCP [6] [7] [8] [9] [10] [11] ; the nature of phase transition changes from first-order to second-order at a tri-critical point (TCP) and a FM wing structure emerges below the TCP in P-T-H phase diagram. Actually, the presence of such a FM wing structure has been demonstrated from high-pressure measurements in itinerant FM compounds, such as UGe2 [12] [13] [14] , ZrZn2 [15] , and an itinerant metamagnetic compound UCoAl [16] . In particular, as for FM systems, unconventional superconductivity has been observed only in uranium-based 5f-electron systems, i.e., UGe2 [17] , URhGe [18] , and UCoGe [19] , all of which exhibit highly unusual superconducting properties such as the coexistence of superconductivity and ferromagnetism. Since the superconductivity of these three compounds emerge near the FM quantum phase transitions [17, [19] [20] [21] [22] , the study of FM quantum criticality in itinerant uranium systems is of importance. In addition, at present, there are few examples of itinerant FM systems which shows the FM wing structure, thus further experimental examples are necessary.
In the present work, we focus on the quantum criticality of an itinerant ferromagnet URhAl. This compound has the hexagonal ZrNiAl crystal structure as UCoAl. At ambient pressure, URhAl exhibits a spontaneous FM transition at the Curie temperature of TC ~ 27 K [23] , whereas the ground state of UCoAl is paramagnetic (PM) at zero magnetic field [16] . UCoAl shows a first-order phase transition at magnetic field of ~ 0.7 T. Both compounds have a strong Ising-type anisotropy with the magnetizationeasy axis along c [24] . The metamagnetism of UCoAl is well explained by considering the FM wing structure; when we cross the first-order FM wing with increasing magnetic field, a first-order metamagnetic transition occurs [16] . However, the whole picture of the FM wing in UCoAl cannot be observed experimentally from hydrostatic pressure measurements because the TCP is estimated to exist at negative pressure -0.2 GPa [25] . Since the lattice constant and volume of the unit cell of URhAl is larger than those of UCoAl, the 5f-electron system in URhAl at ambient pressure may correspond to that in a negative-pressure region in UCoAl. Thus, hydrostatic pressure measurements for URhAl are intriguing in order to gain more insight into the spin-fluctuation effects resulting from the itinerant FM quantum criticality and metamagnetism in uranium systems. We have studied the critical behaviors and spin-fluctuation effects in URhAl by means of high-pressure resistivity measurements up to 7.5 GPa.
Experimental Procedures
Single crystalline samples of URhAl were grown by the Czochralski pulling method in a tetra-arc furnace, and the crystal direction was checked by the X-ray Laue method. The large crystal was cut by spark erosion and was polished for high-pressure experiments. We used two samples (#1 and #2) which were smaller than ~ 200 100 30 m 3 [26] . We performed high-pressure measurements up to 7.5 GPa using diamond anvil cells with an in situ pressure-tuning device [27, 28] . We used liquid argon for pressure transmitting medium, and determined pressure with the ruby fluorescence technique at low temperatures. We measured the resistivity of sample #1 by using a 3 He- 4 He dilution refrigerator at low temperatures down to 40 mK. We also measured the resistivity of both sample #1 and #2 by using a 4 He cryostat up to ~ 30 K. The residualresistivity ratio (RRR) of the sample #1 was about ~ 9. Magnetic field was applied for the sample #1 in the dilution refrigerator up to 7 T for the almost along the magnetization-easy axis (c axis). The electric current was applied perpendicular to the c-axis for both samples.
Results and Discussion
Figure 1(a) shows resistivity measured at zero field under several high pressures as a function of T 2 below 3 K. At these pressures, the FM Curie temperature is above 3 K. In the itinerant FM state, the resistivity obeys T 2 -law at sufficiently low temperature as predicted theoretically [29] . First, we analyze the resistivity curves by the expression of (T) = 0 + AT 2 . We define T* below which the AT 2 term can be seen. Below 4.8 GPa, the A coefficient is less than ~ 0.5 cm/K 2 , but it increases significantly with increasing pressure and reaches 8 cm/K 2 at 5.2 GPa. The large A coefficient decreases above ~ 1.5 T, suggesting that the spin-fluctuations are suppressed by applying magnetic field [ Fig. 1(b) ]. (T) curves above 2.5 T are very similar to those at zero magnetic field at low-pressure region below 4.8 GPa [ Fig. 1(a) ].
Here, above 4 K, we observed a kink anomaly at the Curie temperature (TC) due to the FM transition up to ~ 4.9 GPa. The Curie temperature is suppressed with increasing pressure, and the critical pressure has been found to exist around 5.2 GPa as reported in our recent paper [26] (Fig. 2) .
In Figure 2 , we plot the pressure dependence of TC up to 7.5 GPa in the first panel. With no sample dependence, TC decreases with increasing pressure. Above 5.2 GPa, we plot TC = 0 since we did not observe the kink anomaly of the FM transition down to ~ 50 mK.
The second and third panels of Fig. 2 show the pressure dependences of the A coefficient and residual resistivity 0. Both the A coefficient and 0 vary linearly up to ~ 4.8 GPa. At ~ 4.8 GPa, the A value abruptly increases, whereas 0 suddenly decreases with increasing pressure. The A coefficient shows a maximum ~ 8-9 cm/K 2 at 5.2-5.5 GPa and it becomes ~ 4 cm/K 2 above 6.6 GPa. Interestingly, the variations of A coefficient and 0 are not symmetric around Pc ~ 5.2 GPa, and the large A coefficient persists over the wide pressure region (from 5 to 7.5 GPa).
We shall compare the A values for URhAl with those for the isostructural compound UCoAl. Table  I shows the A coefficient, the electronic specific-heat coefficient for URhAl and UCoAl. Here, A/A(0) is the ratio of A divided by the A value at 0 GPa and zero magnetic field, A(0). At 0 GPa, A and values are very similar between URhAl and UCoAl. For UCoAl, as approaching QCEP, the A value increases but its enhancement is not so large compared to the enhancement of A value of URhAl above Pc (Table  I) . In uranium systems, the A coefficient is not generally very large and is less than ~ 1 cm/K 2 [30] . The observed large A value of URhAl under high pressure is comparable with the value for Ce-based correlated-electron system such as CeCu2Si2 [30] . In URhAl, the c-f hybridization and spin fluctuations are probably much stronger under high pressures than UCoAl, leading to much heavy-effective mass. In addition, the drastic change of Fermi surface may also cause such a large enhancement of the A coefficient.
The fourth panel of Fig. 2 shows T* as a function of pressure. T* is about 2-3 K below 4.8 GPa. With increasing pressure, T* suddenly decreases with a minimum around 5.2 GPa, and it gradually increases up to 7.5 GPa. In the framework of the FM spin-fluctuation theory for a second-order QCP in a three-dimensional system, T*(P) is predicted to vary as T*(P) (P Pc) 3/2 , whereas A(P) is expected to behave as A(P) (P Pc) -1 . These behaviors lead to the relation of A (T*) 2/3 const. [2, 3, 5, 31] . In URhAl, A ~ 8 cm/K 2 and T* ~ 0.4 K at Pc lead to A (T*) 2/3 ~ 4.3. On the other hand, at 7.5 GPa, A ~ 3.5 cm/K 2 and T* ~ 1.5 K lead to A (T*) 2/3 ~ 4.6, which is roughly similar to the value at Pc. This fact suggests that the large enhancement of the A coefficient mainly originates from the FM spinfluctuation effects. However, in URhAl, the critical behaviors of T* and the A coefficient are not explained by the spin-fluctuation theory for a second-order FM QCP; T*(P) does not obey T*(P) (P Pc) 3/2 (the solid curve in the fourth panel of Fig. 2) . Also, T*(P) does not approach zero as P Pc, conflicting with presence of the second-order FM QCP. In addition, the A coefficient is not described by A(P) (P Pc) -1 above ~ 6.6 GPa (Fig. 2) . Since the temperature range for the Fermi-liquid regime (T) = 0 + AT 2 , is very small (T* ~ 0.4 K) near Pc, alternative description of the resistivity in URhAl is the non-Fermi-liquid regime. We also analyzed the resistivity curves without fixing the exponent by (T) = 0 + A'T n . In the last panel of Fig.2 , we plot the obtained the exponent (n) as a function of pressure. The exponent is nearly 2 below 4.8 GPa, whereas n(P) shows a minimum around Pc ~ 5.2 GPa. From 5 to 6 GPa, n ~ 1.6-1.7, which is close to the expected value (n =5/3) from the self-consistent-renormalized (SCR) theory for the FM spin-fluctuation in a three-dimension system [2, 3] .
The exponent of the resistivity close to n = 5/3 near Pc suggests that itinerant FM spin fluctuations on Fermi surfaces are dominant at very low temperatures down to 40 mK. However, we would like to emphasize again that the critical behaviors of resistivity are not consistent with presence of the secondorder QCP in URhAl. In Fig. 3 , we show (T) vs. T 5/3 at zero magnetic field for 5.23, 5.53, 6.03, 6.63, and 7.48 GPa. At 5.23 GPa, we obtained the best fitting by n = 1.68 up to T** ~ 2.2 K. According to the spin-fluctuation theory for the second-order QCP, the maximum temperature of the non-Fermi-liquid regime, i.e., T**, is predicted to obey the relation T** (P Pc) 3/4 as approaching Pc [2, 3, 5, 31] . Thus, T** is expected to reduce as T** 0 at Pc. However, we have not obtained such a critical behavior regarding the non-Fermi-regime for URhAl; at Pc, the exponent of resistivity is n = 1.68 up to T** ~ 2.2 K, and T** does not change clearly as a function of pressure. Thus, the critical behavior of T** around Pc do not support presence of the second-order QCP. In our previous paper [26] , we have observed broad anomalies in the magnetic field dependences of resistivity and the A coefficient. The broad anomalies can be explained by the presence of the weakly first-order FM wing.
The present work on URhAl provides a new example of itinerant uranium system in which unusual spin-fluctuation effects are observed around a weakly first-order FM-to-PM quantum phase transition. As seen in the A(P) and n(P), the three-dimensional FM spin-fluctuations exist from Pc to ~ 6 GPa. Above 6 GPa, the exponent increases to ~ 1.8 with increasing pressure, but the non-Fermi-liquid behavior persists up to 7.5 GPa. In addition, the A coefficient remains large up to 7.5 GPa and is asymmetric around Pc. This unusual enhancement of the A coefficient and the persistence of the nonFermi-liquid behavior might be explained by the drastic change of Fermi surface through the FM-to-PM quantum phase transition. Recently, it has been shown theoretically that the strong FM spin fluctuations near the FM-to-PM quantum phase transition invoke an intermediate state, such as a spiral Fig. 2 . Pressure dependence of the Curie temperature (TC) of URhAl for samples #1 and #2. We also plot the A coefficient, the residual resistivity 0, the maximum temperature of AT 2 regime (T*), and the exponent (n) of resistivity for (T) = 0 + A'T n , obtained for #1. The dashed lines are the guides to eyes, and the solid line for T*(P) indicates T*(P) (P Pc)
, which is expected for the three-dimensional spin fluctuations near a FM QCP. magnetic phase or a nematic phase, accompanying the Fermi-surface deformations [32] [33] [34] . The authors of Ref. [32] have shown that the intermediate state generally occurs even for a simple spherical Fermi surface. In order to establish the general behaviors of spin-fluctuation effects near the first-order FM quantum phase transition, further experimental studies by means of thermodynamic measurements and microscopic probes under high pressure are important.
Summary
We studied spin-fluctuation effects and critical behaviors of the resistivity in URhAl near the pressure-induced quantum phase transition (Pc ~ 5.2 GPa). Above Pc, the ground state at low temperatures is not FM, and the A coefficient is significantly enhanced at around 5.2-5.5 GPa. Near Pc, the exponent of resistivity becomes very close to n = 5/3 which indicates that the three-dimensional FM spin-fluctuations are dominant at low temperatures. However, the critical behavior of T*(P) in URhAl cannot be described in the framework of the FM spin-fluctuation theory for the second-order QCP. In URhAl, the second-order QCP is not present and the nature of the transition changes from second-order to first-order. At least for the present quality of our single crystal, the first-order nature is weak [26] . The resistivity shows the non-Fermi-liquid behavior far above Pc up to 7.5 GPa, and this behavior may originate not only from the FM spin fluctuations but also from the drastic change of Fermi surface accompanying the FM-to-PM quantum phase transition in URhAl. [16, 26] . Here, A(0) is the A value at ambient pressure and zero magnetic field.
